Being a source of clean and renewable energy, the possibility to convert solar radiation in electric current with high efficiency is one of the most important topics of modern scientific research. Currently the exploitation of interaction between nanocrystals seems to be a promising route to foster the establishment of third generation photovoltaics. Here we adopt a fully ab-initio scheme to estimate the role of nanoparticle interplay on the carrier multiplication dynamics of interacting silicon nanocrystals. Energy and charge transfer-based carrier multiplication events are studied as a function of nanocrystal separation showing benefits induced by the wavefunction sharing regime. We prove the relevance of these recombinative mechanisms for photovoltaic applications in the case of silicon nanocrystals arranged in dense arrays, quantifying at an atomistic scale which conditions maximize the outcome.
numerical simulations offer the possibility to quantify, with an accuracy that complements the experimental observations, CM events induced by NC-NC interaction and to distinguish them (here termed two-site) from the one-site CM processes.
In this work CM is studied, to our knowledge for the first time, adopting a fully ab-initio scheme within the density functional theory in both isolated and interacting Si-NCs. The role played by quantum confinement is, for such systems, clarified by comparing CM lifetimes calculated for isolated Si-NCs with the ones obtained for Si-bulk. CM events induced by NC-NC interaction (two-site CM) are quantified as a function of the separation between NCs.
The existence of a new effect, that stems from charge-transfer processes between NCs, is proven and termed Coulomb-driven charge transfer (CDCT). To provide a reference for later simulations, CM in a set of isolated Si-NCs is firstly studied, simulating the ideal configuration of sparse arrays of NCs, where interactions between nanostructures can be neglected. By considering the surface dangling bonds being hydrogen-passivated, we obtain four isolated Si-NCs of different diameter: Si 35 H 36 (1.3 nm), Si 87 H 76 (1.6 nm),
Si 147 H 100 (1.9 nm) and Si 293 H 172 (2.4 nm) with energy gap (E gap ) of 3.42, 2.50, 2.21 and 1.70 eV, respectively. Hydrogen-passivation ensures that danglingbond-related states are not present in the E gap , a situation similar to that observed in colloidal or matrix-embedded systems. CM rates are calculated applying first order perturbation theory (Fermi's golden rule) to Kohn-Sham (KS) states [33] , thus modelling the decay of one e-h pair into two e-h pairs as the sum of two processes: one ignited by the electron (hole spectator), the other ignited by the hole (electron spectator). CM lifetimes are obtained as reciprocal of rates and considering an electron (hole), initial carrier, that decays to a negative (positive) three carrier state (termed trion [29] ). The calculated one-site CM lifetimes (τ one-site ), obtained summing over all possible final states after relaxation, are reported in Fig. 1 as function of the energy of the initial carrier E in (absolute energy scale, panel a) and of the ratio E /E gap (relative energy scale, panel b), where E is the excess energy of the initial carrier, i.e. measured from the respective band edge. The zero of the absolute energy scale is set at half gap (E in < 0 holes, E in > 0 electrons).
The simulations show that CM is active when E exceeds E gap and the lifetimes monotonically decrease with E from tenths of nanosecond to tenths of femtosecond (Fig. 1, panel a) . Far from the activation threshold, CM is proved to be more efficient in Si-NCs than in Si-bulk and the lifetimes seem to be independent upon NC size resulting in an almost exact compensation between enhancement of Coulomb interaction via size reduction and decrement of density of final states. When vacuum states are counted, CM lifetimes scatter among many orders of magnitude, cease to follow the typical monotonic trend and depend upon the chosen periodic boundary conditions. The inclusion of vacuum states in CM calculations leads therefore to non-physical conclusions and hence electron-initiated CM is energetically forbidden in the smallest considered NC. A strong dependence of CM lifetimes upon NC size is instead observed when the relative energy scale is used. This energy scale is the most adequate to predict possible photovoltaic applications of CM [34] , and here CM shows clear evidences of benefits induced by size reduction via quantum confinement.
Final states of one-site CM events are subjected to Auger recombination. This process can be responsible for re-populating high energy levels that lie above CM threshold and re-generating a configuration that can, again, decay via CM. This mechanism is called Auger recycling [35, 36] and its lifetime can be extracted from the effective Coulomb matrix elements so-far calculated assessing at about 1 ps for the largest considered NC. An effective Coulomb 6 matrix element can be extracted from each CM transition considering the ratio of the calculated rate and the number of final states allowed by energy conservation.
Starting from these considerations we extend our analysis to the study of Moreover, NC-NC interaction can also lead to nonradiative scattering processes that move one or two carriers from one NC to another, resulting in a net charge transfer with the promotion of an extra e-h pair (CDCT, see It is thus possible to state that in a system of interacting NCs CM recombinations involve both one-and two-site processes, the latter being strongly influenced by NC-NC separation. While it is easy to recognize the kind of CM process when wavefunctions cover just one single NC, the analysis becomes more elaborated when states are delocalized to both NCs. In order to estimate separately one-site CM, CDCT and SSQC lifetimes, we have to generalize the definition of these effects to the case of states delocalized on the entire system. In this case each CM decay process can be split into a where it is shown that a double number of e-h pairs with respect to the number of absorbed above-CM-threshold photons appears directly after pumping (in low fluence conditions). One-site CM is responsible for probing a double number of e-h pairs soon after short delay times (τ one-site 0.01 ps), while SSQC keeps this number long-lived and subjected to radiative-decay only.
Noticeably, exciton recycling mechanisms were already hypothesized in order to interpret energy transfer mechanisms in rare earth (Er 3+ ) coupled
Si-NCs [35, 36] .
Let us monitor the two-site CM dependence upon NC proximity. In order to find the conditions that maximize quantum cutting we firstly select 
Methods
Electronic structures have been calculated from first-principles within the density functional theory in the local density approximation, adopting a pseudopotential supercell approach in reciprocal space [38] . Quasiparticle corrections have been applied to the electronic structure of Si bulk [39] . On the contrary to the elsewhere used real-space methods, our methodology offers a natural description of the electronic and screening properties of both k-dispersive and low-dimensional systems, treating them on an equal footing. On the contrary to one-site CM processes (in blue), which are present also in isolated NCs, two-site processes involve two nanostructures and few of them are depicted in the figure. SSQC (in red) and CDCT (in orange) processes yield a Coulombdriven energy or charge transfer, respectively, and are discussed in the text. Fig. 3 using weighting factors based on the spill-out computed for each involved state. As a consequence of NC-NC interaction, states of Si 293 H 172 can delocalize into the E gap of the small nanostructure, yielding a reduced activation threshold with decreasing NC-NC separation. The system reported in right panels contains a bigger number of transitions due to the larger size of the NCs involved. SSQC seems to be more affected by NC-size than CDCT, becoming faster when NCs of larger size are considered. 
